A model of a quantum dot (QD) buried solar cell is described. The cell takes advantage of the generation of an additional photocurrent by a two-photon excitation of electrons from the valence band into the conduction band via the confined (intermediate) state. Since the intermediate states are active recombination centres suppressing the open-circuit voltage and the conversion efficiency either by increasing the dark-current or by arresting the quasi-Fermi level of mobile carriers, a barrier layer promoting the separation of the quasi-Fermi levels is built in around the QDs. Conditions for the separation of the quasi-Fermi levels and the activation of the two-photon generation of mobile carriers were found. Under these conditions the photocurrent and the conversion efficiency of the Ge QD buried Si solar cell exposed to concentrated sunlight must be approximately 25% larger than that of conventional Si solar cells.
List of symbols
α C and α V absorption coefficients for the direct electron transitions from the confined state into the conduction band and from the valence band into the confined state within the Ge QDs, α C = β C (N D − p D ) and α V = β V p D , α C = α V ≈ 10 3 cm −1 ; α absorption coefficient for the direct electron transitions in the bulk Ge, α ≈ β N C , α 5 × 10 3 cm −1 ; β C , β V and β relevant absorption cross-sections, β C ≈ 8 × 10 −13 cm 2 [39] , β V = 2 × 10 −13 cm 2 [26] , β ≈ 2.5 × 10 −14 cm 2 , β C = β V ≈ 10 −13 cm 2 is a more realistic approximation; C A Auger coefficient, C A = 10 −31 cm 6 s −1 [21] ; D P in-plane diffusion coefficient of holes within the Si 1−x Ge x layer, D P = 10 cm 2 s −1 ; d thickness of the n-doped multilayer absorber; ε Si and ε Ge indirect fundamental band gaps of the strained Ge and Si, ε Si = 1.12 eV; ε 1 and ε 2 offsets in the conduction and valence bands at the heterojunction between the Si and the Si 1−x Ge x layers, ε 2 = 0.1 eV; ε SG band gap of Si 1−x Ge x layer in the spacer, ε 2 = ε Si − ε SG ; ε Ph illumination-induced barrier around the Ge QD, ε Ph ≈ 0.17 eV [40] ; ε and ε V band gaps between the confined state and the valley in the conduction band, and between the confined state and the valley in the valence continuum band, ε = 0.87 eV [37] , ε V = 0.43 eV; [22] ; G intensity of the net electron transitions from the valence band into the conduction band via the confined electronic state in the QDs; j C and j V intensities of irradiation-induced transitions from the confined electronic state into the conduction band and from the valence band into the confined electronic state in the QDs j RC and j RV increase in the intensity of recombination per QD from the conduction band into the confined state, and from the confined state into the valence continuum band; j T total photocurrent generated in the Ge QD buried Si solar cell, j T ≈ 47.5 A cm −2 at the concentration of S X = 10 3 ; j Si total photocurrent generated in the conventional Si solar cells, j Si ≈ 38 A cm −2 [22] at the concentration of S X = 10 3 ; L distance between buried contacts shown in figure 2, L = 10 µm; L symmetry point of the Brillouin zone; symmetry point in the centre of the Brillouin zone; symmetry line of the Brillouin zone; 2 and 4 valleys on the symmetry line of the Brillouin zone in the conduction band; m electron mass in the valley in the conduction band of the bulk Ge, m = 0.041m o [37] ; n ideality factor of the p-n junctions; N D volume density of the Ge QDs, N D = 2 × 10 16 cm −3 [5] ; N C effective number of oscillators involved in the direct transitions in the bulk Ge, N C = 2 × 10 17 cm −3 [37] 
Introduction
Quantum dots (QDs) [1] [2] [3] [4] [5] [6] [7] and wells (QWs) [8, 9] and their integration with the concept of intermediate bands (IBs) [1] [2] [3] [10] [11] [12] are widely recognized innovative approaches to a higher conversion efficiency solar cell. In the simplest form, the QD solar cell consists of a multilayer of QDs embedded in the built-in electric field of a p-i-n junction. If the material quality is good, the low energy photons generate confined electron-hole pairs in the QDs. Due to the built-in electric field, the generated carriers escape with a high efficiency from the QDs and result in an extra photocurrent. However, like the QW solar cells, the built-in field also increases the generation-recombination current injected from the smaller band gap material, i.e. the QDs, into the semiconductor matrix [5, 8, 9] . Since the generation-recombination current is the dominant component of the dark current in p-n junctions made from wide band gap materials such as Si [13] , the increased injection also reduces the conversion efficiency of those solar cells.
The QD solar cells integrated with the concept of IBs [1-3, 10-12, 14, 15] exploit not only the conventional onephoton generation of current but also a generation of an extra photocurrent by the two-photon excitation of electrons from the valence band into the conduction band via the intermediate states embedded within the band gap of an IB absorber [11] . In addition, these solar cells take advantage of the compatibility with high concentrator technology, which reduces the cost of electricity due to substitution of expensive semiconductor cells with low-cost optics [10, 16] . The conversion efficiency of IB solar cells may exceed the Shockley and Queisser efficiency limit for ideal solar cells and the efficiency of two-terminal tandem cells. Conversion efficiency as high as 63% is expected for ideal IB solar cells [11, 12] where the quasi-Fermi level of the intermediate states is separated from those of the conduction band and the valence band. In fact, the separation of the quasi-Fermi levels is a great problem for energy conversion in IB solar cells [1] [2] [3] 11] . Like the electronic states of impurity centres, the intermediate states usually increase the frequency of recombination by arresting quasi-Fermi levels [17] . Evidently, the arresting will be strongly dependent on the energy barrier around QDs. A properly designed barrier can effectively separate the quasiFermi levels and suppress the recombination of carriers at the QDs. For instance, a recombination lifetime as long as 1 µs was measured for the inter-band recombination of carriers at QDs with the type II band alignment (GaSb QDs buried in the GaAs matrix and Ge QDs buried in the Si matrix) [18, 19] .
In this paper we offer a new structure integrating QDs with the concept of IBs for solar cell applications. The structure has an additional barrier layer built in around Ge QDs buried in a Si-matrix and designed to separate the quasi-Fermi level of the ground confined state from those of the conduction band and the valence band. We analyse the effect of the barrier layer on the photocurrent and on the conversion efficiency of this QD buried solar cell.
The model
The structure of the solar cell and the energy band diagram of the QD buried absorber for the Ge/Si material system are schematically shown in figures 1 and 2. The absorber has a multilayer structure, while the QDs have the type-II band alignment. The p-n junctions are formed with the p-doped shells buried deep in the grooves incorporated into the ndoped absorber. The structure shown in figure 1 therefore looks similar to the structure of the buried-contact solar cell [20] .
When QDs are at thermal equilibrium, a detailed balance exists among generation-recombination processes and the same Fermi level describes a population of electronic states in all bands and states. However, when the detailed balance is destroyed, e.g., by irradiation-induced additional electron transitions, the Fermi level splits into the quasi-Fermi levels of the conduction band, the valence continuum band and the confined state [11, 12] . Then the equation of continuity, j C + j RV = j V + j RC , governs the separation of the quasi-Fermi levels and a new occupation of the confined state, p D , where j C and j V are the irradiation-induced electron transitions from the confined electronic state into the conduction band and from the valence band into the confined electronic state in the QD; j RV and j RC are the increase in the intensity of recombination between carriers from the confined state and the valence continuum band, and from the conduction band and the confined state, respectively, [14, 15] . These transitions per QD can be expressed as
Here α C and α V are the absorption coefficients for the direct transitions in the QDs, i.e., from the confined state into the conduction band and from the valence band into the confined state,
; β C and β V are the relevant absorption cross-sections; S X is the concentration of the sunlight; N D is the volume density of the QDs; g 1 , g 2 and g V are the integral intensities of infrared photons in the ε <hω < ε + ε V , ε V <hω < ε and ε + ε V <hω ranges of the solar spectrum; ε is the direct band gap between the confined state and the valley in the conduction band in the Ge QD; ε V is the band gap between the confined state and the valley in the valence continuum band in the Ge QD; ε Ph is the illumination-induced barrier around the QD; ε 2 is the offset in the valence band at the heterojunction between the Si and the Si 1−x Ge x layers shown in figure 2 ; τ 1 is the inter-band recombination lifetime that includes all radiative and non-radiative (including interface) mechanisms for the electron transitions from the conduction band of the Si/Si 1−x Ge x /Si spacer into the confined state in the Ge QDs; τ 2 is the intra-band relaxation lifetime that includes both radiative and non-radiative mechanisms for the electron transitions from the confined state into the valence continuum band within the Ge QDs; is the volume of the Ge QD; N SV is the density of electronic states in the valence band of the Si 1−x Ge x layer; N V is the density of states in the valence continuum band of the Ge QD; S X is the concentration of sunlight; D P is the in-plane diffusion coefficient of holes within the Si 1−x Ge x layer; L is the distance between the buried contacts shown in figure 1. Equation (3) is derived under the conditions that the distance L is shorter than the in-plane diffusion length of holes within the Si 1−x Ge x layer and that the probability of finding an electron in the confined state is greater than the probability of finding a hole in the valence continuum band of the QD,
where p V is the density of holes in the stack of Si 1−x Ge x layers in the roughly 1/α V -thick absorber,
The net generation-recombination transitions from the valence continuum band into the confined state, j V − j RV , and from the confined state into the conduction band, j C − j RC , generate mobile electrons and holes within the QDs. For the net transitions to balance each other in the QDs, 
Equation (8) is derived under the condition that the equations
where z is the distance from the front-side surface. If the surface recombination intensity is so weak that approximately all irradiation-induced carriers are collected by p-n junctions in the Ge QD buried Si solar cell, then the two-photon absorption of infrared photons from the ε V < hω < ε + ε V region of the solar spectrum will generate the photocurrent of e G(z) dz, and the one-photon absorption of photons from the ε + ε V <hω region of the solar spectrum will generate the photocurrent of eS X g V (0). We can simplify the integral e G(z) dz by substituting g V (0)/g 2 (0) for g V /g 2 in equation (8) . Then, the total photocurrent j T generated in the Ge QD buried Si solar cell reduces to
where d is the thickness of the multilayer absorber. The photons from the ε Si <hω < ε + ε V and ε + ε V < hω regions of the solar spectrum will generate the photocurrent of j Si in the conventional Si solar cells,
If the Ge QD buried Si solar cell has the same quality pn junctions with the same dark current, the same ideality factor n and the same fill factor 
Under concentrated light irradiation, the Auger recombination lifetime, τ A , provides an intrinsic constraint upon the recombination lifetime, the open-circuit voltage and the efficiency of Si solar cells,
V , where C A is the Auger coefficient [21] . The same is expected for the recombination lifetime between the electrons and the holes in the Si 1−x Ge x layers. Substituting p V in τ A therefore gives the following condition for the Auger limit of the efficient charge collection by the Si 1−x Ge x layer in the QD buried absorber,
It is evident that the most intense net generation G and the most separation of the quasi-Fermi levels occur when the irradiation-induced electron transitions are more intense than the relaxations in the QDs. Substituting the generation and the recombination intensities into j C > j RC and j V > j RV gives the following conditions for the splitting of the Fermi level:
The absorption coefficients of infrared photons are functions of the distance from the front-side surface z of the QD buried absorber. However, under the conditions of (13) and (14), the dependences of α C and α V on z disappear if g 1 (0) = g 2 (0). This gives g 1 (z) = g 2 (z) and the following results for the most effective conversion:
The density of photon flux in the solar spectrum is approximately 2.5 × 10 17 cm −2 s −1 eV −1 in the range of 0.6 eV <hω < 1.5 eV [22] . The condition g 1 (0) = g 2 (0) also yields
Results and discussion

Device structure
The absorber shown in figure 1 is a multilayer QD-structure. The Si/Si 1−x Ge x /Si three-layer heterostructures act as spacers between the approximately 10 nm thick Ge QD-layers. Each spacer consists of a 50 nm thick n-type doped layer of Si 1−x Ge x alloy (x ≈ 0.2) built in between two 20 nm thick n-type doped Si barrier layers. About 50 layers of these spacers make up an approximately 5 µm thick n-type doped multilayer absorber. A similar stack of N D = 2 × 10 16 cm −3 Ge QDs has been grown recently [5] . The stack was composed of 50 QD-layers with about 2 × 10 11 cm −2 Ge QDs per layer buried in a Si matrix and separated from each other by 40 nm thick Si spacers [5] .
Numerous studies have reported on the formation of QD multilayer structures in the Ge/Si material system by MBE and MOCVD using the Stranski-Krastanow growth mode [5, [23] [24] [25] [26] [27] . This growth mode was successfully used for tailoring the energy bands [28] [29] [30] [31] [32] [33] [34] and the potential barriers around QDs so that mobile electrons of the conduction band can be separated from the confined holes in a real space [18] . For the absorber shown in figure 1 the Si barrier layers act as a wide-band shell-barrier around Ge QDs. The amount of Ge in Si 1−x Ge x alloy determines the energy band offset and the height of this shell-barrier ε 2 at the Si/Si 1−x Ge x interface in the spacer. The thickness of the Si layer and the amount of Ge in Si 1−x Ge x alloy are variable parameters controlled during the growth. Due to these parameters the structure can be tuned within relatively wide margins, which gives a potentially higher flexibility to design and more alternatives to solar cell application of QDs.
Energy bands
The energy band profile of strained nanostructures is essentially dependent on the residual interfacial strain. The strain lifts the six-fold degeneracy of the conduction band in valleys of the Brillouin zone into 2 and 4 valleys. These valleys shift in opposite directions by way of constituting the lower conduction band edge. The 2 valley constitutes the conduction band minimum in the tensile strained Si spacer, while the 4 valley constitutes the conduction band minimum in the Ge QDs since the compressive strain pushes up the L valley and switching the minimum from the L valley to the 4 valley in Ge QDs [29] [30] [31] .
As the point in the centre of the Brillouin zone constitutes a 3.4 eV wide direct band gap in Si and a 0.8 eV wide direct band gap in Ge [31] , the potential energy profiles of valleys shown in figure 2 exhibit large discontinuities over the Ge/Si interface in the conduction and valence bands and the type-I alignment over the Ge/Si interface. Even under strain, the conduction band minimum at the 4 valley is lower than at the valley. The fundamental band gaps, ε Si and ε Ge , therefore remain indirect in the strained Ge QDs and in the strained Si-layers. Moreover, they acquire real-space indirect character at the interface [34, 35] , dramatically reducing the oscillator strength for the radiative inter-band recombination of carriers at the Ge QDs buried in the Si matrix [36] .
The strain also lifts the degeneracy between heavy and light holes at valleys in the valence band. The confinement potential picks off a few electronic states from the valance continuum band edge at the valley in the centre of the Brillouin zone and confines them within QDs. Instead, the retained electronic states of the valley constitute a new continuum band edge in the valence band of the Ge QDs below the confinement potential and merge the new edge with the valence band edge of the Si spacer. The new band edges again constitute a direct gap between the valleys in Ge QDs. This direct band gap, as shown in figure 2 , is increased up to ε + ε V in Ge QDs, where ε and ε V are the gaps between the confined state and the valleys in the conduction and valence continuum bands, respectively. The confinement increases both direct ε and indirect ε Ge band gaps between the confined state and the conduction band by the energy of confinement.
Direct optical transitions
Due to the direct optical transitions, the QD multilayer absorber must strongly absorb photons with the integral intensities of g 1 , g 2 and g V from the ε <hω < ε + ε V , ε V <hω < ε and ε + ε V <hω regions of the solar spectrum. The density of photon flux in the solar spectrum is approximately 2.5 × 10 17 cm −2 s −1 eV −1 in the range of 0.6 eV <hω < 1.5 eV [22] , therefore, the condition g 1 (0) = g 2 (0) yields ε = 2ε V . If ε = 0.87 eV as reported in [37] , then equation (19) yields ε V = 0.43 eV for the optimal energy gap between the valence continuous band and the confined state. For ε = 0.87 eV and ε V = 0.43 eV, the infrared photons have integral intensities of g 1 = g 2 = 1.05 × 10 17 cm −2 s −1 and g V = 1.95 × 10 17 cm −2 s −1 in the solar spectrum [22] . Photons from the spectral region ofhω > 2.3 eV directly transfer electrons from the valence band into the conduction band and generate mobile electrons and holes within an approximately 1 µm thick stack of the Si/Si 1−x Ge x /Si spacers since the absorption coefficient is as large as 10 4 cm −1 in this spectral region in Si. The confinement potential and the interfacial strain increase the direct energy band between valleys from 0.8 eV up to ε + ε V = 1.3 eV [26, 37] in Ge QDs buried in the Si matrix. The photons from the spectral region of ε + ε V <hω therefore directly generate mobile electrons and holes within the conduction and valence continuum bands in the Ge QDs. For these direct optical transitions between the valleys, the absorption coefficients α are expected to be the same in the Ge QDs and in the bulk Ge, α 5 × 10 3 cm −1 .
Since the confined state of the Ge QDs is at the point in the centre of the Brillouin zone, two consecutive absorptions of the infrared photons from the spectral regions of ε <hω < ε + ε V and ε V <hω < ε directly transfer electrons from the confined state into the valley of the conduction band and from the valley of the valence continuum band into the confined state. This two-photon transition generates mobile carriers that diffuse off from the approximately 3 nm thick Ge QD layers in a few femtoseconds. The carriers enter the ndoped Si/Si 1−x Ge x /Si spacer and relax there in picoseconds, e.g., due to the emission of optical phonons. The electron relaxes from the valley into the 2 valley of the conduction band, while the hole relaxes from the Si barrier layer into the n-doped Si 1−x Ge x layer of the spacer. The barrier ε 2 in the valence band of the n-doped Si/Si 1−x Ge x /Si spacer separates mobile holes from the confined electronic states of the QDs in real-space, and prevents mobile holes from both radiative and non-radiative transitions back into the QDs.
The absorption coefficients for the direct optical transitions α C and α V are proportional to the occupations of the confined state in the Ge QDs,
The cross-sections β C and β V are proportional to the relevant oscillator strengths [1, 38] and can be roughly appraised from the absorption coefficient α and the effective number of oscillators N C involved in the direct-transitions in the bulk Ge, α ≈ β N C . The effective number of oscillators is approximately equal to the density of states in the valley of the conduction band, where m = 0.041m o and N C = 2 × 10 17 cm −3 [37] ; therefore the effective cross-section β for the bulk Ge must be about β ≈ 2.5 × 10 −14 cm 2 . The absorption cross-sections are also proportional to the dipole transition matrix elements. Since the overlapping of the envelop functions is stronger in QDs, larger cross-sections are expected for the QDs, β C > β and β V > β .
Measurements performed in the waveguide geometry revealed the inter-band absorption coefficient of 1000 cm −1 per 23 nm thick layer of Ge QDs buried in the Si matrix [39] . An absorption cross-section of β C ≈ 8 × 10 −13 cm 2 can be deduced from these experiments. This result is 30 times larger than β = 2.5 × 10 −14 cm 2 . A photoinduced spectroscopy technique used to measure the intra-band absorption crosssection β V has revealed the experimental value of β V = 2 × 10 −13 cm 2 for Ge QDs buried in the Si matrix [26] . This result is about ten times stronger than β . The large measured values of absorption cross-sections demonstrate that Ge QDs buried in the Si matrix are very promising for IB solar cells and infrared application.
The discrepancy between the estimated β and the measured values of the absorption cross-sections β C and β V of Ge QDs is too large. This is likely related to a probable quantitative overestimation of the absorption coefficient in the waveguide geometry experiments, which may originate from the weak confinement of the waveguide and the uncertainty on the overlap factor between the guided optical modes and the QD layers [39] . A more realistic approximation for the absorption cross-sections in the Ge QDs is β C,V = 10 −13 cm 2 . This value also reflects the large absorption cross-sections measured in experiments.
Two-photon transitions
The two-photon transition is proportional to the intensity of illumination and to the recombination lifetime. Either the intensity or the lifetime must be so large that, after the first photon-induced electron excitation from the valence band into the confined state, the electron has a large probability for the second photon-induced excitation from the confined state into the conduction band. Since the large recombination lifetime means a large separation of the relevant quasi-Fermi levels, the conditions in equations (13) and (14) for the separation of the quasi-Fermi levels show how large must be the product of the intensity and the lifetime. Evidently, the concentration of light S X and the special indirect-band separation of the carriers in real-space will support the splitting of the relevant quasi-Fermi levels.
Equation (13) gives the condition for the quasi-Fermi level of the confined state split off from the conduction band. Due to the type-II band alignment, indirect real-space separation prevents the conduction band electrons from recombination with the holes confined in QDs [18, 19] . The inter-band recombination lifetime in equation (13), τ 1 , includes all radiative and non-radiative (including interface) mechanisms for the electron transitions from the conduction band of the Si/Si 1−x Ge x /Si spacer into the confined state in the Ge QD. The experimentally determined value of τ 1 is as long as 1 µs for the inter-band recombination of mobile electrons with confined holes in the type-II Ge QDs buried in the Si matrix [18] and the type-II GaSb QDs buried in the GaAs matrix [19] . Also the inter-band recombination from the conduction band into the valence band of the indirect band-gap Si/Si 1−x Ge x /Si spacer is about 1 µs [18] . It is not yet completely clear how the real-space indirect-band separation in the conduction band suppresses inter-band recombination of mobile electrons with confined holes in the type-II QDs. Nevertheless, the suppression makes it possible to liberate the quasi-Fermi level of mobile carriers from that of the confined state. Substituting the numerical values of parameters β C ≈ 10 −13 cm 2 , g 1 (0) = 1.05×10 17 cm −2 s −1 and τ 1 = 1 µs into equation (13) reveals that the concentration of S X = 10 3 is enough for the strong separation of the quasi-Fermi levels in the conduction band and the activation of the electron transitions from the confined state into the conduction band in the Ge QD buried Si solar cell.
Equation (14) gives the condition for the quasi-Fermi level of the confined state split off from the continuum valence band. Since holes are the minority carriers in the n-type doped absorber, the condition in equation (14) is independent of the concentration of sunlight S X . The intraband relaxation lifetime τ 2 includes both radiative and nonradiative transitions of electrons from the confined state into the valence continuum band within the Ge QDs. The mid-IR pump-probe experiments on Ge QDs buried in a Si matrix revealed τ 2 = 50 ps for the intra-band relaxation lifetime [40] . The 'phonon bottleneck' effect and the acoustic phonon emission are responsible for the long intra-band-relaxation lifetime [40] . The barrier ε 2 in the valence band of the ndoped Si/Si 1−x Ge x /Si spacer shown in figure 2 separates the illumination-induced mobile holes from the electrons excited into the confined state. The holes diffuse the distance L along the Si 1−x Ge x layer, rather than overwhelm the barrier height ε 2 in the valence band and recombine with the confined electrons or diffuse perpendicular to the stack of the Si/Si 1−x Ge x /Si spacers. Therefore the real-space separation of carriers exponentially increases the recombination lifetime and the two-photon absorption cross-section in the Ge QDs.
Electrons completely occupy the confined electronic state at thermal equilibrium, p D = 0. Under illumination, however, the two-photon transitions insert holes into the confined electronic state, p D > 0. These holes transfer a positive charge into the QDs and induce a barrier ε Ph around the Ge QDs [40] . Calculation showed that the induced barrier may be as large as ε Ph ≈ 0.17 eV [40] . Also this irradiation-induced barrier ε Ph will separate mobile holes from the confined electronic states in real-space and prevent mobile holes from transitioning back into the QDs.
Substituting the following numerical values for parameters N D = 2 × 10 16 cm −3 [5] , N SV ≈ 2N V , τ 2 = 50 ps [40] , D P = 10 cm 2 s −1 , g r (0)/g 2 (0) ≈ 2, = 10 3 nm 3 [5, 18] , ε Ph ≈ 0.1 eV and L = 10 µm into equation (14) reveals that an energy barrier as high as ε 2 = 0.1 eV is enough for the strong separation of the quasi-Fermi levels in the valence band and the activation of the electron transitions from the valence continuum band into the confined state in the Ge QD buried Si solar cell.
Equation (12) refers to the Auger limit on the recombination lifetime in the Ge QD buried Si solar cell. Evidently, the diffusion of holes along the Si 1−x Ge x layers towards p-n junctions must be faster than the Auger recombination with electrons. Substituting the following numerical values D P = 10 cm 2 s
and L = 10 µm into equation (11) yields the Auger limit on the concentration of light, S X < 10 4 . The continuity of the electron transitions introduces a correlation between the absorption coefficients α C and α V , and makes them dependent on the distance z and on the ratio between the integral intensities of illumination g 1 /g 2 . Under the conditions (13), (14) and g 1 (0) = g 2 (0), however, according to equation (16) , the dependence on z disappears in the absorption coefficients and the net transitions yield G = α C g 1 S X = α V g 2 S X . Substituting the following numerical values β C = β V ≈ 10 −13 cm 2 and N D = 2 × 10 16 cm −3 into equation (16) gives α C = α V ≈ 10 3 cm −1 for the two-photon absorption.
Conversion efficiency
The continuity of the electron transitions through the confined state results in an occupation of the confined state such that the net transitions j C − j RC and j V − j RV balance each other everywhere within the multilayer absorber. Equation (7) predicts that the balanced occupation is strongly dependent on the barrier ε 2 + ε Ph around the QDs. This strong dependence also transfers into equations (9) and (11) of the photocurrent j T and the conversion efficiency η. Figure 3 exhibits the dependence of η on the barrier height ε 2 + ε Ph for the following numerical values of parameters:
= 10 3 nm 3 [5, 18] 10 µm, τ 2 = 50 ps [40] , g 2 (d) = 0, η Si = 37% [22] and S X = 10 3 . As shown in figure 3 , the conversion efficiency η grows exponentially with barrier height. The saturation about η = 46.5% occurs when the barrier in the valence band is as high as ε 2 + ε Ph = 0.2 eV. When ε 2 + ε Ph < 0.12 eV, the conversion efficiency of the Ge QD buried Si solar cell drops below that of the conventional Si solar cell, since the condition in equation (14) is never met and the QDs come to act as active recombination centres. Conditions (13) and (14) are also relevant to the electronic states of recombination centres in doped and compound semiconductors. For instance, the abrupt decrease in the performance of GaInNAs solar cells with the addition of nitrogen, as noted in [17] , indicates a fast relaxation of carriers and an arrest of the electron quasi-Fermi level by the nitrogen traps.
Equations (9) and (10) give j T ≈ 47.5 A cm −2 for the photocurrent induced in the Ge QD buried Si solar cell at the concentration of S X = 10 3 , and j Si ≈ 38 A cm −2 [22] for the photocurrent induced in the conventional Si solar cell. The enhanced photocurrent increases the conversion efficiency of the optimized Ge QD buried Si solar cell nearly 25% in comparison to the conventional Si solar cell. In particular, the conversion efficiency limit for the ideal one p-n junction Si solar cell shown in figure 3 will increase from 37% [22] to 46% in the optimized Ge QD buried Si solar cell.
Conclusion
In summary, a model of the QD buried solar cells is described. The main difference from the other models is that a barrier layer is built in around QDs in the spacer. The conditions in which the quasi-Fermi level of confined carriers splits from the quasi-Fermi levels of mobile carriers were found and expressed with equations (13) and (14) . It was shown quantitatively that the separation of the quasi-Fermi levels is strongly dependent on the barrier height and that the barrier can strongly resist arresting the quasi-Fermi level at the confined state. This study of the Ge/Si material system showed that a barrier as low as ε 2 = 0.1 eV in the valence band can increase the short-circuit current and the conversion efficiency of the Ge QD buried Si solar cell by 25%, as compared to the same quality conventional Si solar cells.
